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ABSTRACT
We have monitored the massive binary star η Carinae with the CTIO/SMARTS 1.5 m tele-
scope and CHIRON spectrograph from the previous apastron passage of the system through
the recent 2014.6 periastron passage. Our monitoring has resulted in a large, homogeneous
data set with an unprecedented time-sampling, spectral resolving power, and signal-to-noise.
This allowed us to investigate temporal variability previously unexplored in the system and
discover a kinematic structure in the P Cygni absorption troughs of neutral helium wind lines.
The features observed occurred prior to the periastron passage and are seen as we look through
the trailing arm of the wind-wind collision shock cone. We show that the bulk of the variability
is repeatable across the last five periastron passages, and that the absorption occurs in the inner
230 AU of the system. In addition, we found an additional, high-velocity absorption compo-
nent super-imposed on the P Cygni absorption troughs that has been previously un-observed
in these lines, but which bears resemblance to the observations of the He I λ10830 Å feature
across previous cycles. Through a comparison of the current smoothed particle hydrodynam-
ical simulations, we show that the observed variations are likely caused by instabilities in the
wind-wind collision region in our line-of-sight, coupled with stochastic variability related to
clumping in the winds.
Key words: stars: early-type – binaries: close – stars: individual (η Car) – stars: winds,
outflows – stars: mass loss – stars: variables: S Doradus
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1 INTRODUCTION
Massive stars love company, and it seems that more than 90% of
massive stars are formed in binaries (Sana et al. 2014), with a
majority of them interacting during their lives (Sana et al. 2012).
These interactions could take the form of mergers, Roche lobe
overflow and accretion, or wind interactions through wind-wind
collisions (WWCs) when both stars are evolved and have strong
c© 2015 The Authors
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winds. WWCs are best known in Wolf-Rayet+O binaries, which
occur quite frequently and with dramatic effects. In such systems,
we observe hot, dense stellar winds, high terminal wind speeds,
and phase-dependent shock cones through studies of spectral line
excesses, X-ray light curves and spectroscopy, non-thermal radio
emission, and dust production in some cases (e.g. Moffat 1998).
One classical example of these colliding-wind WR+O binaries is
the WC7pd+O5.5fc system WR 140 (Fahed et al. 2011; Monnier
et al. 2011), with an orbital period of 7.94 yr and a high eccentricity
of 0.88. The denser WR wind pushes back the O star wind to form
a shock cone with a half opening angle ∼ 50◦, which wraps around
the system in successive orbits. WWCs are occasionally observed
in O+O binaries, but with correspondingly lower excess emission
fluxes.
η Car is a massive, evolved binary residing in the nearby
(D ∼ 2.3 kpc; Smith 2006) Carina nebula and star-forming region.
It has been well-studied, being the subject of a Hubble Treasury
program for spatially resolved spectroscopy, while also being ob-
served with ground-based telescopes. Recent studies have allowed
state-of-the-art observations and theory to meet, providing con-
straints on the orbital, stellar, and wind parameters of the system,
and our understanding of massive star WWCs. The secondary star
has eluded observers since the discovery of the binary nature of the
system and the 5.54-yr periodicities (Damineli et al. 1997, 2008).
The WWC is dramatic because of the lower terminal wind speed,
v∞,1 (∼ 500 km s−1; Hillier et al. 2001) and higher mass-loss rate of
the primary ( ˙M ≈ 8.5× 10−4 M⊙ yr−1; Groh et al. 2012a) compared
to typical WR+O systems. The secondary star has wind parame-
ters indicative of either a WR or extreme O star, with the strongest
constraints coming from the X-ray analysis (Pittard & Corcoran
2002; Parkin et al. 2009), which points to ˙M2 ≈ 10−5 M⊙ yr−1 and
v∞,2 ∼ 3000 km s−1.
η Car has a high eccentricity (∼ 0.9) and an orbital period
of 5.54 yr, and many observational phenomena are modulated on
this time-scale, such as the X-ray emission (Corcoran 2005, Cor-
coran et al. 2010), multi-wavelength photometry (Fernández-Lajús
et al. 2003, 2010; Whitelock et al. 2004), He I narrow emission
(Damineli et al. 1997), the Hα and other wind line profile mor-
phologies (Richardson et al. 2010, 2015), He II emission from near
the colliding winds (Steiner & Damineli 2004; Teodoro et al. 2012,
2016; Mehner et al. 2015; Davidson et al. 2015), and spatially-
extended forbidden line emission (Gull et al. 2009, 2011; Teodoro
et al. 2013). The 2003 periastron passage was well-documented
thanks to a large Treasury program with the Hubble Space Tele-
scope (HST) and Space Telescope Imaging Spectrograph (STIS)1.
The more recent 2009 periastron passage was observed in the op-
tical only with ground-based facilities due to a failure of the STIS
that was repaired during Servicing Mission 4, after the 2009 perias-
tron passage. However, this event brought about one of the most in-
tense ground-based spectroscopic data-sets compiled, both for the
He II emission (Teodoro et al. 2012), and the optical spectrum and
wind transitions (Richardson et al. 2015), including the strong Hα
profile (Richardson et al. 2010) that is often saturated in ground-
based observations. The intense time-series collected will allow for
many future theoretical studies about the detailed system parame-
ters.
Three-dimensional (3D) hydrodynamical and radiative trans-
fer simulations of η Car’s binary colliding winds have provided cru-
cial insights on the time-dependent geometry and ionization state of
1 http://etacar.umn.edu
the WWCs, helping constrain the binary orientation, wind parame-
ters, and locations where various observed emission and absorption
features arise (Okazaki et al. 2008; Parkin et al. 2009, 2011; Groh et
al. 2012a,b; Madura et al. 2012, 2013, 2015; Clementel et al. 2014,
2015a,b). Using a 3D dynamical model of the broad, extended [Fe
III] emission observed in η Car by the HST/STIS (Gull et al. 2009),
Madura et al. (2012) confirmed the orbital inclination and argu-
ment of periapsis derived by Okazaki et al. (2008) and Parkin et al.
(2009) using X-ray data. More importantly, Madura et al. (2012)
broke the degeneracy inherent to models based solely on X-rays or
other spatially-unresolved data and constrained the 3D orientation
of the η Car binary. They found that the binary has an argument
of periapsis ω ≈ 240◦ − 285◦, with the orbital axis closely aligned
with the Homunculus nebula’s polar symmetry axis at an inclina-
tion i ≈ 130◦−145◦ and position angle on the sky PA ≈ 302◦−327◦,
implying that the binary companion star at apastron is on the ob-
server’s side of the system and that the companion orbits clockwise
on the sky.
Most recently, Clementel et al. (2015a,b) performed 3D radia-
tive transfer simulations of η Car’s innermost (. 155 AU) inter-
acting winds at apastron and periastron, applying the simplex al-
gorithm to the 3D smoothed particle hydrodynamics (SPH) sim-
ulations of Madura et al. (2013). Clementel et al. (2015a,b) focus
specifically on the ionization structure of He in the stellar winds and
WWC regions, producing 3D ionization maps showing the regions
where He is singly- and doubly-ionized due to photoionization by
the hot companion star2 and collisional ionization in the X-ray gen-
erating WWC shocks, respectively. The results of Clementel et al.
(2015a,b) help constrain the regions where the observed He I emis-
sion and absorption lines can arise in η Car and provide further sup-
port for a binary orientation in which the companion star at apastron
is on the observer’s side of the system, with the companion at pe-
riastron deeply embedded within the optically-thick primary wind
on the side opposite that of the observer.
Groh et al. (2010) observed the He I lines of η Car as it ap-
proached its 2009.0 periastron passage, concentrating on the NIR
transition of He I λ10830. A high-velocity absorption component
at velocities of vr ∼ −900 km s−1 or lower was observed between
phases 0.976 and 1.023, which was postulated to originate in the
shocked gas from the WWC zone as the trailing arm of the shock
cone passes through our line-of-sight. From the spatial scale of
these absorption variations and a comparison to 3D models of the
colliding winds, these observations pointed to a WWC at scales of
15–45 AU from the central binary. Other optical He I lines exam-
ined from the HST Treasury program during the 2003 spectroscopic
event (Nielsen et al. 2007; Groh et al. 2010) show a noticeable high-
velocity absorption in the two triplet line profiles of He I λ3888 and
λ5876 extending to ∼ −900 km s−1 at phase 0.995. Singlet lines
such as He I λ6680 show weaker absorption up to ∼ −800 km s−1.
However, no visible-wavelength He I lines showed obvious highly-
blueshifted absorptions (< −900 km s−1). This is explainable by
the difference in lower levels of the transitions. The He I λ10830
absorptions originate from the metastable 2S2 level, but the visi-
ble lines are absorbed from levels readily depopulated by permitted
transitions.
The interpretation of He I emission in η Car is still somewhat
debated in the literature. Some of the He I emission and absorption
can certainly be accounted for by the primary wind (e.g. Hillier et
2 T ∼ 40, 000 K from analysis of the forbidden line emission; e.g., Mehner
et al. 2010a
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al. 2001, Groh et al. 2012a). This is supported by the presence of
extremely similar He I profiles in the LBV HDE 316285 (Hillier et
al. 1998, 2001), which has no known binary companion. The spec-
tral modeling of both η Car and HDE 316285 (Hillier et al. 1998,
2001) can reproduce both stars and show similar properties. Many
authors have argued that the He I is related to, but not necessarily
coming from, the companion (see e.g. Mehner et al. 2012, 2015).
This would allow for several variations we observe to be accounted
for in the η Car system. For example, Richardson et al. (2015) de-
veloped a simple cartoon model for the variability of the He I lines
that allows for some fraction of the emission to be formed in an
ionised hemisphere of the primary wind facing the secondary star.
When coupled with the expected radial velocity variations of the
primary, the model does fairly well at explaining the variations, but
future 3D SPH models with simplex might better account for the
variability.
The recent 2014.6 spectroscopic event provided observers a
fresh look at the variations related to the periastron passage of the
system, despite an unfortunate timing for ground-based observa-
tories. Davidson et al. (2015) reported a potential cycle-to-cycle
change in the He II λ4686 emission based upon HST/STIS mea-
surements, but Teodoro et al. (2016) have compiled a large, exten-
sive dataset with spatial mappings from HST/STIS used to correct
for differences between ground-based and space-based observa-
tions. The dataset of Teodoro et al. (2016) shows very few changes
in the global behaviour of He II when compared to the previous
four periastron passages observed, but some minor variability is
present. Davidson et al. also point out the appearance of N II ab-
sorptions in the blue spectrum, but did not discuss these changes in
detail. The HST/STIS spatial mappings are being analysed by Gull
et al. (in prep.) and show a distinctive changing ionisation balance
when comparing the forbidden [Fe III] and [Fe II] emission during
the periastron passage. Mehner et al. (2015) have further analysed
several ground- and space-based observations of η Car across its
2014 event, including important observations of the reflected polar
spectrum, which show fewer changes in the broad wind emission
lines than those seen in direct line-of-sight.
Further complicating the story of η Car’s 2014 spectroscopic
event are Swift X-ray monitoring observations of the X-ray min-
imum (Corcoran et al., in prep.). Comparison of the recent Swift
measurements to RXTE observations of η Car’s 1998.0, 2003.5, and
2009.0 events shows that the start of the X-ray minimum is remark-
ably reproducible, to within one day over the last ∼ 18 years, help-
ing define the 2023 day period (Corcoran et al., in prep.). However,
the recovery from the X-ray minimum is not as well behaved, with
the 2009.0 recovery occurring ∼ 30 days earlier compared to the
1998.0 and 2003.5 recoveries, and the 2014.6 recovery time being
intermediate to those of the short 2009.0 recovery time compared to
the longer 1998.0 and 2003.5 recoveries (Corcoran et al., in prep.).
In an attempt to understand better η Car’s spectroscopic
events, we obtained frequent ground-based, optical, high-resolution
(R ∼ 90, 000) spectroscopy of the system as the periastron passage
approached in 2014 (Section 2), allowing for comparisons to the
previous 2009 periastron passage. Among the many resulting ob-
servations, we noticed a strong, additional absorption on the He I
lines as the system approached the X-ray minimum and higher
energy forbidden and permitted lines reached a minimum, all of
which happened just prior to the recent periastron passage. We dis-
cuss this result in Section 3. In Section 4, we discuss how the ab-
sorptions are related to the binary orbit and their repeatability. Sec-
tion 5 presents a very detailed account of the formation of these
spectral features and comparisons with our expectations from hy-
drodynamical simulations at different orbital epochs through the
periastron passage. We conclude the study in Section 6 where we
highlight our main findings of this study.
2 OBSERVATIONS
During the 2009 periastron passage of η Carinae, we began moni-
toring the system with the fiber-fed echelle spectrograph (Richard-
son et al. 2010) on the CTIO 1.5 m telescope operated by the
SMARTS Consortium. In 2011, this spectrograph was decommis-
sioned in favor of a new, high-efficiency spectrograph, CHIRON
(Tokovinin et al. 2013) that covers the optical from ∼ 4500 Å to
∼ 8500 Å. Both of these spectrographs were fed starlight through a
multi-mode fibre that has a size of 2.7′′on the sky. We began mon-
itoring the system with the “slit” mode that has a resolving power
of ∼ 90, 000 in early 2012, which we continued whenever possible
leading up to the current 2014 spectroscopic event and recovery.
In total we collected 207 spectra between the calendar dates 2012
March 03 and 2015 July 27. Some spectra were obtained with CH-
IRON in the “slicer” mode, which delivers spectra with a resolv-
ing power of ∼ 80, 000. All spectra were corrected for bias and
flat field effects and wavelength calibrated through the CHIRON
pipeline. This leaves a very strong blaze function present on each
order which is difficult to remove in the presence of strong emission
lines with widths similar to the echelle order range in some cases.
Therefore, we observed HR 4468 (B9.5Vn) and µ Col (O9.5V)
to fit the continuum blaze function empirically on orders without
spectral lines. The remaining orders (primarily around Hα and Hβ)
were interpolated to match adjacent orders. The resulting spectra
were then normalized and combined into standard one-dimensional
spectra, and the resulting order-overlaps in the blue showed us that
the blaze removal was accurate to < 0.5%. A global normalization
was then applied to obtain a unit continuum, which we adjusted in
the regions adjacent to our spectral lines of interest for analysis.
In order to compare our observations to the binary clock,
we adopt the orbital cycle terminology of Teodoro et al. (2016),
corresponding to a period of 2022.7 d, and a zero-point of HJD
2,456,874.4. This zero point corresponds approximately to the time
of periastron passage, which was derived by a detailed modeling of
the orbital modulation of the He II λ4686 emission. For cycle 13,
this zero point corresponds to HJD 2,456,865.2. The spectroscopic
cycles are numbered since the first observed low/high state tran-
sition in 1948 (Gaviola 1953) as discovered by Damineli (1996),
with the recent 2014 minimum corresponding to the beginning of
cycle 13, leading to the ephemeris
φ =
(HJD − 2, 452, 819.2)
2022.7
+ 11.
High spatial resolution, moderate dispersion observations
were obtained with HST/STIS across the 2003.0 and 2014.6 peri-
astron events through several programs including the Hubble Trea-
sury Program (Davidson 2002, 2003) and a series of mapping pro-
grams (Gull et al. 2011; Teodoro et al. 2013). All four programs
used the 52′′×0.1′′ aperture, taking advantage of the 0.1′′ near-
diffraction limit of HST. Spectra of interest were recorded centred
at 5734 Å and included the He I λ5876 Å and Na D lines. The ob-
servations recorded across the 2003.0 periastron event were single
exposures centred on η Car at position angles defined by HST so-
lar panel considerations. Nebular emissions, scattered starlight, in-
cluding continuum, wind line emission and absorption noticeably
extended well beyond the stellar core (Gull et al. 2009, 2011). For
this reason, spectral extractions of the spatially-resolved spectral
MNRAS 000, 1–28 (2015)
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Figure 1. Dynamical representations of He I λ4713, He I λ5876, and He I λ7065 are shown (left to right). Time increases in the vertical direction, with
average profiles calculated from a simple combination of all spectra shown in the bottom panels. Colour bars are given on the top for each representative
figure. Interpolation was done for any gap less than 6 d, leaving only two gaps in the data stream, one following the periastron passage, and a short time-period
around HJD 2,457,200. All individual line profiles are shown in Appendix B1.
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Table 1. He I atomic transitions investigated
Transition Wavelength(Vac) f
1s 2p 3Po – 1s 3s 3S 7067.2 Å 0.0695
1s 2p 3Po – 1s 3d 3D 5877.3 Å 0.610
1s 2p 3Po – 1s 4s 3S 4714.5 Å 0.0106
image were limited to the three rows (52′′×0.1′′offset by 0.05")
centered on η Car.
Spatial mapping, as demonstrated by Gull et al. (2011), re-
vealed forbidden line emission extending out to at least 0.7′′ from
the central stars that was determined to originate from fossil wind
structures formed during previous periastron passages 5.5, 11, and
16.5 years earlier (Teodoro et al. 2013). At critical phases of the
5.54-yr cycle, 2′′×2′′ mappings were obtained (Gull et al. 2011;
Teodoro et al. 2013). Given the typical seeing being about 2′′ and
the size of the fiber optic feeding into the CHIRON spectrograph
being 2.7′′ in diameter, comparison spectra of a 0.15′′×0.15′′ area
centred on η Car and the integrated 2′′×2′′ area will be presented
later in this paper.
3 RESULTS
The average profile of each of the He I lines investigated here is
shown in the bottom panel of Fig. 1. In these figures, it can be seen
that the profile generally has a P Cygni shape and that the bulk
of the absorption is at velocities between −400 and −500 km s−1,
i.e. near the terminal speed of the primary LBV’s wind (420 km
s−1). We observed some additional P Cygni absorption components
separate from this primary absorption in several He I lines in the
optical spectrum of η Car prior to its 2014 event, mainly between
approximately HJD 2,456,750 and 2,456,820, and between HJD
2,456,860 and 2,456,870. These additional absorptions appear sep-
arate from the normal P Cygni absorption, and usually at velocities
much greater than ∼420 km s−1. This was easiest to observe in He I
λλ4713, 5876, 7065 (atomic data in Table 1). The other He I pro-
files observed by CHIRON are He I λλ4921, 5015, 6678. Of these
profiles, He I λλ4921, 5015 are blended with stronger Fe II transi-
tions at the same wavelength, and the P Cygni absorption compo-
nent of He I λ6678 is blended with [Ni II] emission. Therefore, we
will not consider these lines in this paper. Telluric line contamina-
tion made the analysis of He I λ7065 difficult, but still allowed us
to confirm trends in other lines. The blue edge of the He I λ4713
profile is marginally blended with [Fe III] λ4702. In comparison to
all of the other He I lines, the He I λ5876 profile is clean on the
blue edge, with no other strong emission lines present until ∼ 5835
Å ([Fe II]; Zethson et al. 2012). In the emission portion of the pro-
file, there is a weak [Fe II] emission that peaks at vr ∼ −350 km s−1
in our rest frame, and multiple Na D1 and D2 components on the
red portion of the profile. The red side is also affected by telluric
absorption, but it mainly affects the Na D transitions, and does not
interfere with the He I line.
In Fig. 1, we show three dynamical representations of the CH-
IRON data, one for each transition of He I λλ4713, 5876, 7065.
The first column shows the He I λ4713 spectra leading up to and
including the minimum, followed by its progression towards recov-
ery (phases 12.89–13.17). While the data were interpolated to dis-
play this, no interpolation happened with a gap of more than 6 d.
The key exception is the large data gap that exists between HJD
2,456,887.5 and 2,456,944.9 (phases 13.0110–13.0349). While our
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Figure 2. The kinematics of the excess absorption are shown for three He I
lines. The inset spectrum shows the absorption of a representative He I
λ5876 profile and indicates the measured velocity with an arrow.
coverage near the periastron passage is exquisite, we were not able
to have coverage as long into the event as Richardson et al. (2015)
had for the 2009 event due to constraints on the telescope and the
season in which periastron occurred in 2014. Nevertheless, these
datasets are compatible as they integrate light over both the same
kinematical region, as well as use the same entrance fibre for the
spectrographs.
The absorption variability is clearly seen in Fig. 1 and the
kinematic signature of an accelerating component is clear between
HJD 2,456,750 (phase 12.938) and 2,456,820 (phase 12.973) in
He I λ5876 and He I λ7065, while it is seen for an extended time
in He I λ4713. The top portions of the plots show the data obtained
as the system recovered from the periastron passage. Less variation
is seen in these data, but there is a strengthening in the P Cygni
absorption starting around HJD 2,457,080 (phase 13.10).
We attempted to measure the new pre-periastron absorption
component observed between HJD 2,456,750 and 2,456,820 in a
variety of ways. First, we attempted a numerical derivative method
that was used by Richardson et al. (2011) to examine the variability
in the P Cygni absorption of the Hα line in P Cygni. Unfortunately,
this is not possible with these data as the absorption is very weak
and blends with the P Cygni absorption from the stellar wind. We
attempted to perform multiple Gaussian fits to the P Cygni pro-
file, but with the mixture of the He I wind emission, [Fe II] λ5871
emission, narrow He I emission from the Weigelt knots, and the
Na D components, we were unable to produce adequate results.
The only remaining method was an interactive approach to deter-
mine an “edge" velocity to the absorption. We performed this inter-
action 10 times, with consistent results (σ ∼ 5 km s−1 dispersion
from an average). These are shown in Fig. 2. We note that these
are not the typical edge velocities as in the cases of UV resonance
lines, but rather a point of a minimum flux in the local portion of
the profile, as seen in Fig. 2. This represents a velocity related to
the largest optical depth of the feature in the system’s outflow.
We fit a linear trend to the measurements of the peculiar high-
velocity absorption component of He I λ5876 and He I λ7065 data
(which were internally consistent) that resulted in a measured ac-
celeration of −4.93± 0.19 km s−1 d−1. We overplot this linear trend
on the data shown in Fig. 2. The overarching feature lasted for about
40–50 days, or ∼ 0.02 in phase, centred near φ = 12.965. We note
that the feature measured for He I λ4713 is likely different than the
feature measured for He I λλ 5876, 7065. This is discussed in more
MNRAS 000, 1–28 (2015)
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detail later. This feature was strong for about 40–50 days for He I
λλ5876, 7065, with the accelerating feature measured in the He I
λ4713 profile originating in a different absorption component. We
note that all three of these absorptions have the same lower energy
state, but the optical depths in the He I λ4713 and He I λλ5876,
7065 transitions differ by nearly a factor of 60. Near the end of this
time frame, the feature evolved into a barely discernible absorption
where spectra with S/N greater than 200 are required to detect it.
The offset is likely due to these absorptions corresponding to differ-
ent sources of the excess absorptions (see Fig. 6 and corresponding
discussion.
The principal question regarding these absorption variations
is their repeatability. The best time-series for comparison at simi-
lar orbital phases is available through the HST Treasury program3,
which had regularly-scheduled spectroscopic observations with
STIS during the 2003 spectroscopic event. In Fig. 3, we show a di-
rect comparison of CHIRON observations from the 2014 event with
ground-based spectroscopy and HST observations from the previ-
ous four events. Unfortunately, our new CHIRON spectra sample a
seeing-limited 2.7′′ fibre, while HST observations are taken with a
52′′ × 0.1′′ slit with spatial resolution of 0.13′′.
We compared the He I λ5876 profiles taken at the same phases.
These results show that qualitatively the absorption behaviour is
similar and repeatable, with some weaker absorptions seen in the
2009 event. The faint high-velocity (∼ −750 km s−1) absorption
component centred near phase 12.965 (but lasting ∼ 0.02 in phase)
appears absent in the four previous cycles. This component seems
to be a new phenomenon this cycle, as it was not seen at a compara-
ble phase in 2009 (Richardson et al. 2015, Fig. 3). Is this feature due
to some short-lived instability or is it representative of other long-
term changes in the system (see e.g. Mehner et al. 2010b, 2012)?
We note the extreme similarities at phases very close to periastron
(0.99) in 1992, 2009, and 2014, which are indistinguishable, along
with strong similarities for the spectra seen at phase 0.98 in 1998,
2003, and 2014. Of particular importance is the very high velocity
absorption (. −900 km s−1) observed in He I λ5876 near phase
12.995 (see line profiles in Appendix B1). This is nearly identical
to the ∼ −900 km s−1 absorption observed in the same line at the
same phase during the 2003.5 event (Nielsen et al. 2007), and to
the high velocity blue-shifted absorption observed in He I λ10830
by Groh et al. (2010) during the 2009 event between phases 11.976
and 12.023. This high velocity absorption component near phase
12.995 thus appears to be periodic and repeatable, and very likely a
result of the trailing arm of the WWC region crossing our line-of-
sight just before periastron (see Section 6).
The bulk of the P Cygni absorption profiles appear to qual-
itatively repeat from cycle to cycle, but there are some notable
changes, especially around phase 0.96. As we will discuss later
in the paper, this is a portion of the orbit where the trailing arm
of the shock cone passes through our line-of-sight. With a small
change (few percent) of mass-loss rate or wind speed of either star,
the opening angle of the shock cone can easily change by a few
degrees. Considering the system’s geometry relative to our line-of-
sight, these very small changes can cause us to look through the
shock cone during one orbit but not during other orbits. Therefore,
the excess absorption components seen at velocities much higher
than the terminal wind speed of the primary that were observed dur-
ing some events but not others can be associated with the various
3 http://etacar.umn.edu/
(Rayleigh-Taylor, non-linear thin shell, etc.) instabilities occurring
in the shock region.
Mehner et al. (2015) described the overall variability of He I
λ4713 as observed with HST/STIS from 1998 through the present
epochs. They found that the P Cygni absorption component may
be strengthening with time, but seems to strengthen around or-
bital phases 0.90–0.98, and again several months following pe-
riastron passage (phases near 0.1–0.2). They argue that this can
be explained through a qualitative comparison with the expected
ionization-zone shapes. They also show a long-term rise in the
emission component which may be correlated with an increase in
the continuum emission. Our comparison of data from 2003, 2009,
and 2014 does not show very large changes (Fig. 3), and the pro-
files from 2009 and 2014 at the same orbital epoch look identical in
strength when viewed at the same resolution. There are some dif-
ferences in ground-based and space-based spectra that could allow
for some changes, but qualitatively these profiles seem very simi-
lar except for the fainter high-velocity absorption component near
phase 12.965 seeming to appear and/or be stronger this cycle.
To further check for repeatability, we measured the He I λ5876
profile via two methods. First, we did a direct comparison of the
equivalent width to that of Richardson et al. (2015). This integrates
the profile from −1000 to +2000 km s−1, which also includes the
Na I D emission and absorption profiles entirely. This is shown in
the top panel of Fig. 4. The resulting trends show that the events are
statistically indistinguishable, implying that there cannot be drastic
changes in the mass-loss rates of the stars. Second, we measured the
point in the P Cygni absorption profile corresponding to “minimum
flux” both by a direct measure (velocity at the pixel with the fewest
recorded photons) and through a gaussian fit to the ∼ 11 pixels
surrounding that point. We show these measurements in the mid-
dle panel of Fig. 4, along with the measurements from Richardson
et al. (2015). Again, the points are nearly indistinguishable for the
two periastron passages. Nielsen et al. (2007) investigated whether
these absorptions move with the primary star’s wind, and could thus
be related to the spectroscopic orbit, where the γ velocity is offset
by the primary terminal wind speed (∼ 420 km s−1). We show an
overplotted orbit with similar orbital parameters in Fig. 4, and dis-
cuss this in Section 4.
4 THE HE I ABSORPTIONS AND THEIR RELATION TO
THE CENTRAL BINARY
The program to map the spatial distribution of emission from
η Car’s fossil WWCs using HST/STIS (Gull et al. 2011; Teodoro et
al. 2013; Gull et al., submitted) had a mapping visit at a time coinci-
dent to when we observed relatively high velocity (∼ −700 km s−1)
He I absorption (HJD 2,456,817; φ = 12.977) not seen during ear-
lier events. The HST/STIS observations mapped the distribution of
both absorption and emission of all three He I transitions discussed
to an angular resolution of ∼ 0.1′′ . The HST/STIS data show that
the absorption profile at φ = 12.977 is entirely concentrated on
the central source, telling us that the absorption must arise in the
inner . 230 AU of the system, close to the unresolved central bi-
nary and colliding winds region (Fig. 5). This is consistent with
the results of earlier HST/STIS observations, which show that the
broad He I features are unresolved and almost certainly originate
less than ∼ 100–200 AU from the primary star (Nielsen et al. 2007;
Humphreys, Davidson, & Koppelman 2008). The inferred location
of high-velocity absorption seen in He I λ10830 during η Car’s
MNRAS 000, 1–28 (2015)
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Figure 3. A direct comparison of He I λ5876 spectra obtained prior to the last five events shows that the P Cygni absorption seems fairly repeatable, with
the exception of the secondary, excess absorption observed this cycle. The data sources for the events are 1992.5: Damineli et al. (1998), 1998.0: Damineli
et al. (2000), 2003.5: HST Treasury program and FEROS results from Teodoro et al. (2012), 2009.1: the CTIO 1.5 m and fiber-fed echelle (Richardson et
al. 2015) and FEROS (Teodoro et al. 2012), and 2014.6: the CTIO 1.5 m and CHIRON (this work).
2009 periastron event (Groh et al. 2010) also agrees with this re-
sult.
The He I absorption during the five months prior to perias-
tron is very dynamic. In Fig. 6, we show a dynamical representa-
tion of the difference between the observed profiles and the average
profile of He I λ4713 and He I λ5876. From this view, we clearly
see four, possibly five, distinct absorption components. We labeled
these for He I λ4713, and placed markers at the same locations for
the He I λ5876 panel. We note that some absorption features for
He I λ4713 in Fig. 6 may extend to velocities more negative than
∼ −750 km s−1 since emission from [Fe III] λ4702 is marginally
blended with He I λ4713 and prevents us from seeing the maxi-
mum absorption velocity present. However, He I λλ5876 and 7065
do not suffer from this problem and may be used to help determine
the max blue-shifted velocity of the absorption. The resemblance
of the two panels is striking, although the stronger emission com-
ponent of He I λ5876 makes the portion of the diagram between
−200 and 0 km s1 more difficult to interpret.
The first and most obvious absorption component (#1 in
Fig. 6) begins before HJD 2,456,700 (φ = 12.9138), centred at
∼ −340 km s−1, and remains roughly at that velocity until about
HJD 2,456,725 (φ = 12.9261), at which point the absorption com-
ponent curves and extends with a slight slope to ∼ −550 km s−1
near HJD 2,456,790 (φ = 12.9583). The second component (#2 in
Fig. 6) is centred at ∼ −275 km s−1 and begins near HJD 2,456,740
(φ = 12.9336), with fainter absorption extending to near HJD
2,456,770 (φ = 12.9484). A third component that is possibly re-
lated to the second component (#3 and the ‘?’ in Fig. 6) is centred
at −450 km s−1 and extends from HJD 2,456,810 (φ = 12.9682)
to HJD 2,456,840 (φ = 12.9830). We suspect that this is oversub-
tracted when compared to the mean profile in Fig. 6, as it seems
to extend between the time of #2 and #3 in Fig. 1, where we plot
the observed profiles. The final component (#4 in Fig. 6) is fairly
weak in He I λ4713 but easily discernible for He I λ5876. It has a
shallow slope, extending from ∼ −425 km s−1 on HJD 2,456,770
(φ = 12.9484) to ∼ −750 km s−1 on HJD 2,456,810 (φ = 12.9682),
and represents the acceleration measured in Fig. 2 for the He I
λλ5876, 7065 profiles, while the measurements for He I λ4713
originate in component #1.
Some of these absorption components, especially those with
velocities more positive than −450 km s−1, are not easily visi-
ble in the dynamic spectra of He I λλ5876, 7065 (columns two
and three of Fig. 1) due to the much stronger emission in these
lines. However, the weak, lowest-velocity absorption component
(#4 in Fig. 6) that extends to ∼ −800 km s−1 at HJD 2,456,810
is present in all three He I lines. Moreover, in the He I λ5876
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Figure 4. Measurements of He I λ5876. The top panel shows the equivalent
width. The second panel shows the measured velocity where the minimum
flux occurs in the P Cygni absorption component (black circle = measured,
red + is a gaussian fit) with an overplotted orbital velocity curve (Section
4.1), and the third panel shows the depth of the P Cygni absorption in con-
tinuum normalized units. In the top two panels, we overplot as blue triangles
measurements from Richardson et al. (2015), whereas the measurements of
the absorption depth were too complicated for the lower signal-to-noise in
the data from Richardson et al. (2015). All measurements are tabulated in
Table A1. We note that the top panel is dominated by emission line changes,
while the bottom two panels are uniquely associated with the P Cygni ab-
sorption components.
profiles (middle column of Fig. 1) there is absorption that ex-
tends to . −900 km s−1 just before periastron, between about
HJD 2,456,859 (φ = 12.9924) and HJD 2,456,868 (φ = 12.9968,
see also Appendix B). Interestingly, at about HJD 2,456,870 (φ =
12.9980), the most negative velocity absorption in the He I λ5876
line extends to only ∼ −700 km s−1, and continues to decrease
in absolute value through periastron, where the absorption is cen-
tred at ∼ −450 km s−1. The He I λ5876 absorption remains cen-
tred about ∼ −400 to −450 km s−1 and fairly weak until about
HJD 2,457,070 (φ = 13.1000), when it starts to strengthen (i.e.
deepen) significantly. Meanwhile, the He I λλ4713, 7065 absorp-
tions remain absent/extremely weak all through periastron passage
and do not return strongly until the observations resume at HJD
2,456,944 (φ = 13.0388). When they do, there are clearly two ab-
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Figure 5. Comparison between ground-based CHIRON and HST/STIS
spectroscopy. The spatially resolved spectra obtained with HST/STIS (GO
program 13395; PI Gull), using the 52′′×0.1′′ aperture, are compared to
ground-based, seeing limited CHIRON data. Red: the central source of the
system (0.15′′) extracted from the spectral map obtained at phase 12.977.
Black: summation of the STIS mapping data over the 2′′×2′′ total STIS
mapped area. Blue-dashed line: simultaneous CHIRON spectrum; green-
dot-dahed line: CHIRON data smoothed to the resolving power of STIS.
Differences between the integrated STIS and smoothed CHIRON spectra
are nearly indistinguishable.
sorption components present in the He I λ4713 profile centred at
∼ −250 km s−1 and ∼ −400 km s−1. These components remain until
about HJD 2,456,970 (φ = 13.0511), when the velocity component
at −250 km s−1 starts to deepen and dominate the He Iλ4713 ab-
sorption. This continues until about HJD 2,457,001 (φ = 13.0670),
when another strong velocity component at∼ −350 km s−1 appears.
These two absorption components eventually merge into a single
strong broad component centred at ∼ −350 km s−1 at φ = 13.0818.
This remains the dominant absorption component in He I λ4713
for the remainder of the observations. However, in He I λ5876, the
absorption that strengthens near φ = 13.1000 does so at a lower
velocity of ∼ −400 to −450 km s−1. For the remainder of the ob-
servations, the absorption appears strongest in He I λ5876, centred
near −450 km s−1. He I λ7065 shows very similar absorption at
these times, but is more difficult to measure due to the telluric con-
tamination present in this region of the spectrum.
Nielsen et al. (2007) initially assumed that the P Cygni ab-
sorption mimics orbital motion of the primary. We further tested
this hypothesis with the measurements of He I λ5876, and in par-
ticular the velocity of the deepest absorption. This absorption can
be seen to vary greatly in its strength (Fig 4., bottom panel), and
we also see in the dynamical plots of Fig. 1 that the motion is
sometimes not as simple as orbital motion, where between HJD
2,456,670 and 2,456,750 the absorption seems to have a sinusoidal
MNRAS 000, 1–28 (2015)
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Figure 6. A dynamical representation of the difference between the observed He I λ4713 (left) and λ5876 (right) profiles and an average profile. The individual
profiles are plotted on the bottom panel, with a representative colour bar on top. Individual labeled features are discussed in the text, and the lines are positioned
with the same slope for both panels.
appearance to it. In the middle panel of Fig. 4, we overplot a poten-
tial orbit based upon the periastron passage calculated by Teodoro
et al. (2015), an eccentricity of 0.88, a semi-amplitude of 90 km s−1,
ωprimary = 243◦, a γ velocity of −460 km s−1, and orbital period of
2022.7 d. This overplotted orbit may appear to represent the overall
variability fairly well, but it cannot explain deviations in the veloc-
ities. The overplotted orbit is also very misleading given the com-
plexity of the η Car binary and does not take into account important
photoionization effects due to the presence of the hot companion
star (Clementel et al. 2014, 2015a,b), nor the presence of high ve-
locity absorbing material in line-of-sight that is located within the
WWC regions (Groh et al. 2010; Madura et al. 2013). As noted
by Damineli et al. (2008b), and supported by the work of Groh et
al. (2010) and Clementel et al. (2015a,b), while some of the He I
absorption in η Car may originate in the pre-shock wind of the
primary star at velocities near the wind terminal speed of ∼ 420
km s−1, a significant and likely dominant amount of absorption
comes from dense post-shock wind material located in the WWC
region. One simply cannot associate the He I absorption with solely
one of the stars, regardless of the assumed orbital orientation, since
around periastron passage material from the WWC will cross be-
tween the observer and the primary continuum source, leading to
multiple absorption components at a range of different velocities.
5 ORIGIN OF THE HE I ABSORPTION COMPONENTS
5.1 The Primary Continuum Source and Background
Theory on the Colliding Winds
Since the He I lines are recombination lines, they are produced in
regions of He+ rather than regions of neutral He. The broad opti-
cal He I wind lines are thought to be excited by the UV radiation
of the companion star and arise somewhere in/near the WWC re-
gion between the stars (Nielsen et al. 2007; Damineli et al. 2008a).
Because we are analyzing absorption lines in which the absorp-
tion is always blue-shifted, the regions responsible for the different
absorption components must be located between the primary con-
tinuum source and the observer.
Due to its very dense wind, the primary star in η Car has an
extended continuum emitting region at visible and near-IR wave-
lengths (Hillier et al. 2001, 2006; Groh et al. 2012a,b). At the op-
tical wavelengths of the observed He I lines in this paper, the con-
tinuum emitting region of the primary has a radius of ∼ 1.5–2 AU
(based on the models of Hillier et al. 2001, 2006; Groh et al. 2012a,
and interferometric measurements in the K-band by van Boekel et
al. 2003; Weigelt et al. 2007). Therefore, in our discussion below,
we assume a primary radius of 1.5 AU for the size of the contin-
uum emitting region at 4713Å and 5876Å, and a radius of 2 AU
at 7065Å. While rather large, the continuum emitting region is still
much smaller than the extent of the inner WWC zone (which ex-
tends ∼ ±200 AU), and comparable in size to the thickness of the
densest part of the WWC zone (∼1 AU; Madura et al. 2013; see
Figs. 7–14).
When the two stellar winds in η Car collide, they produce a
pair of hydrodynamical shocks (i.e. discontinuities in fluid flow)
separated by a contact discontinuity (CD, a surface of pressure
equilibrium between material of different composition and en-
tropy), creating a WWC region. The shape of the WWC re-
gion is determined mainly by the wind momentum ratio η ≡
( ˙Mv∞)2/( ˙Mv∞)1, where ˙M and v∞ are the stellar mass loss rates and
wind terminal speeds, respectively, for the two stars (e.g., Stevens et
al. 1992). The aberration angle and degree of downstream curvature
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of the WWC zone are determined by the ratio of the orbital speed
to the pre-shock wind speed (Pittard 2009). In the absence of sig-
nificant orbital motion, the WWC zone has a simple paraboloidal
shape that curves towards the star with the weaker wind (Canto
et al. 1996). In highly elliptical systems like η Car, as the stars
approach periastron, orbital speeds increase approaching the pri-
mary wind speed, highly distorting the WWC region, giving it a
distinct spiral shape after periastron (Okazaki et al. 2008; Parkin
et al. 2011; Madura et al. 2012, 2013, 2015). Orbital motion also
alters our viewing angle to different portions of the WWC zone,
and hence the strength and radial velocity of observed emission
and absorption lines (Damineli et al. 2008). Different portions of
the WWC regions can also be illuminated by or shadowed from
different types of stellar radiation during the orbit, resulting in a
‘lighthouse effect’ (Madura & Groh 2012). Different lines can then
be observed in different regions as the stellar ‘beams’ of radiation
sweep through the system across the orbital cycle.
Additionally, at the two shock fronts, the enormous kinetic en-
ergy of the incoming winds is converted into heat, causing a huge
increase in the temperature of the post-shock gas, up to ∼108 K.
The physical properties of the gas in the WWC regions then depend
on the efficiency of radiative cooling. If cooling proceeds slowly
compared to the wind flow time, the post-shock gas is adiabatic,
and its density can increase by a factor of four relative to the pre-
shock wind density. The adiabatic regime is typically encountered
where pre-shock wind densities are low. If cooling operates quickly,
then the post-shock gas is radiative, and its density can increase
by several orders of magnitude relative to the pre-shock wind den-
sity. This frequently occurs in short-period systems, and/or high
mass loss rates. In certain cases, such as η Car, both can occur si-
multaneously, and sometimes, depending on the orbital phase, the
shocks can switch from one cooling regime to the other (Madura et
al. 2013).
Throughout η Car’s 5.54-yr orbit, the post-shock gas on the
primary’s side of the CD is radiative, while for most of the orbit,
the post-shock gas on the companion’s side of the CD is adiabatic
(Parkin et al. 2011; Madura et al. 2013). However, due to the ex-
tremely high orbital eccentricity and subsequent decrease in pre-
shock secondary wind velocity, during periastron passage, the post-
shock wind on the companion’s side of the CD can briefly switch
from the adiabatic to the radiative regime and back, possibly ex-
plaining the changes observed in the timing of the recovery of the
X-ray light curve out of periastron (Corcoran et al. 2010; Madura
et al. 2013; Corcoran et al., in prep.).
5.2 Interpretation of the Observations Based on 3D
Hydrodynamical Simulations
With these details in mind, we can use 3D hydrodynamical sim-
ulations (e.g. Madura et al. 2013) to help understand qualitatively
where the different observed He I absorption components arise in
η Car. For simplicity, we assume that orbital phase is nearly the
same as the spectroscopic phase we adopted. Based on the recent
analysis in Teodoro et al. (2016), the two are not believed to differ
by more than approximately one week.
Figs. 8–14 show log density, radial velocity, and log tempera-
ture in two perpendicular planes containing the observer’s line-of-
sight, at several orbital phases from a 3D SPH simulation of η Car’s
binary colliding winds. Fig. 7 illustrates the orientation of these
planes relative to the coordinate system that defines the binary or-
bit and the direction to the observer. The labeled x,y,z axes in Fig. 7
have their origin at the binary system centre of mass, where the
xy plane defines the binary orbital plane and the x and y axes lie
along the semimajor and semiminor axes of the orbit, respectively.
The z axis defines the orbital angular momentum axis and is per-
pendicular to the xy orbital plane (for reference, see Figs. 3 and 12
of Madura et al. 2012 and Fig. 10 of Madura et al. 2013). Each
plane in Figs. 8–14 passes through the centre of the primary star
(which is offset from the system centre of mass), and the orbit is
assumed to have an inclination i = 138◦ and argument of periapsis
ωp = 252◦, consistent with the currently best-known binary orien-
tation parameters (Okazaki et al. 2008; Parkin et al. 2009; Groh et
al. 2010, 2012a,b; Madura & Groh 2012; Madura et al. 2012, 2013;
Teodoro et al. 2016).
The planes in the left column of Figs. 8–14 correspond to the
plane labeled (a) in Fig. 7, while the right column in Figs. 8–14
corresponds to plane (b) in Fig. 7. For added clarity, the left and
right columns of Figs. 8–14 include a display of the projected x, y,
and z axes at the top of each column. The line-of-sight to the pri-
mary star is marked by two parallel white dashed lines, separated
by the approximate diameter of the primary continuum-emitting re-
gion (4 AU). The observer is located to the right of each panel. The
primary star is marked by a small filled black circle surrounded by
a dashed black circle of diameter 4 AU. The exact location of the
secondary star is not shown since it lies outside of the panels in the
figures.
The SPH simulation used for Figs. 8–14 is identical to the
‘Case A’ simulations in Madura et al. (2013), but uses a spheri-
cal computational domain with radius r ≈ 50 AU. We refer the
reader to Madura et al. (2013) for details on the SPH code, numer-
ical methods, and simulation parameters. The orbital phases cho-
sen for Figs. 8–14represent those at which specific He I absorption
features are observed leading into periastron passage. The figures
show a zoomed region spanning ±10 AU about the centre of the
primary star in the vertical direction and −10 AU to +50 AU in the
horizontal direction, which should be fairly representative of the
dynamical region responsible for the bulk of the time-variable He I
absorption. Color in the panels of the middle row of Figs. 9–15
shows the radial velocity of the gas with respect to the observer for
the assumed orbital orientation. We note negative velocities indi-
cate blue-shifted material moving toward the observer, while posi-
tive velocities represent redshifted material.
We note that with the exception of φ = 0.9951 and periastron
(φ = 1.000), the 3D SPH simulation shows the presence of large
amounts of extremely hot (> 106 K) post-shock secondary wind
(bottom row of Figs. 8–14), which is responsible for the observed
time-variable X-ray emission in the system (Corcoran et al. 2010).
At such high temperatures, helium is fully ionized to He2+. Because
the inclination of the orbit is ≈ 138◦, the observer’s line-of-sight to
the primary continuum source lies very close to the WWC region
and passes through the post-shock secondary wind and the pre- and
post-shock primary wind. There is little or no pre-shock secondary
wind in the line-of-sight that could lead to any measurable He I
absorption. Thus, we may safely exclude the pre- and post-shock
secondary wind as the source of any of the observed He I absorption
components at phases between φ ≈ 0.91 and 0.99.
5.2.1 Absorptions at φ = 0.9140 and 0.9386
Figs. 8 and 9 show that at φ = 0.9140 and 0.9386, respectively,
the observer’s line-of-sight to the primary continuum source passes
through the turbulent WWC region and pre-shock primary wind.
Most of the material in the WWC region is too hot (& 106 K) to
produce any significant He I absorption. The density and tempera-
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Figure 7. Diagram illustrating the orientation of the 3D simulation planes shown in Figs. 8–14 relative to the orientation of the η Car binary orbit and the
observer. The planes shown correspond to the log density planes in the top row of Fig. 8 (φ = 0.9140) and the top axes relate to the binary orbit which lies in
the x − y plane. See text of Section 5.2 for details.
ture plots show that there is, however, a significant column of cooler
pre-shock primary wind in the line-of-sight. This material has ra-
dial velocities between ∼−360 km s−1 to −440 km s−1 (see middle
row of Figs. 8 and 9). This is consistent with the He I absorption
velocities observed at these phases (Figs. 1 and 6). This suggests
that at these phases, the observed absorption is mainly due to the
dense pre-shock primary wind in the line-of-sight.
5.2.2 Absorptions at φ = 0.9569 and Features #1 and #2
As the binary system approaches periastron and the shape of the
WWC region begins to distort in the direction of orbital motion
due to the increasing orbital speeds of the stars, the WWC region
becomes even more turbulent. Fig. 10 shows that the line-of-sight
at φ = 0.9569 passes through a ∼5 AU thick region of density-
enhanced, cool post-shock primary wind in the WWC region prior
to passing through the pre-shock primary wind. This post-shock
primary wind is composed of blobs of density-enhanced cool ma-
terial moving at radial velocities on the order of ∼−350 km s−1
to −300 km s−1 (middle row of Fig. 10), which is noticeably less
in magnitude than the primary’s wind terminal velocity. We hy-
pothesize that it is these dense blobs of slower-moving compressed
post-shock primary wind that are responsible for absorption fea-
ture #2 in Fig. 6. Absorption feature #2 appears at roughly the
same time in our simulations as in the observations (although it
starts to appear ∼ 0.012 earlier in phase in the observations) and
at nearly the same radial velocity as the dense material in the post-
shock primary wind. We note that the line profile of He I λ4713 in
Fig. B1 shows a second absorption feature at phase 12.9570 centred
at ∼−350 km s−1, in perfect agreement with the simulations.
Detailed examination of the velocity plots in Figs. 8–10 also
shows that as the system approaches periastron, there is a small,
but noticeable increase in the magnitude of the radial velocity of
the pre-shock primary wind in the line-of-sight, a direct result of
the stellar orbital motion (for details, see Appendix A of Madura et
al. 2013). The radial velocity of the pre-shock primary wind in the
line-of-sight now approaches ∼−480 km s−1 to −500 km s−1. This
increase in radial velocity of the pre-shock primary wind between
φ = 0.9140 and 0.9569, helps explain feature #1 in Fig. 6. However,
as can be seen in Figs. 8–10, the post-shock primary wind material
in the WWC zone is composed of material at a range of veloci-
ties, some of which are nearly identical to the pre-shock primary
wind velocity. Thus, disentangling exactly to what extent feature
#1 is due solely to orbital motion of the primary rather than ab-
sorbing material in the WWC region remains extremely difficult.
This moreover illustrates why it is so easy to compute (incorrectly)
a large semi-amplitude, and hence a large mass function, for η Car
when analyzing the P Cygni absorption in the He I observations.
The increasing orbital speeds of the stars likely also increases the
magnitude of the radial velocity of the absorbing post-shock pri-
mary wind material in the WWC, which could similarly explain the
connection between absorption features #2 and #3 in Fig. 6, which
appear to be connected and exhibit a slope similar to absorption
feature #1.
5.2.3 Absorptions at φ = 0.9665 and Feature #4
Interestingly, we find no evidence of any high-velocity (.
−600 km s−1) material in the line-of-sight in Figs. 10–12 that could
explain the relatively faint high-velocity absorption feature ob-
served between HJD 2,456,770 (φ = 12.9484) and HJD 2,456,810
(φ = 12.9682, feature #4 in Fig. 6). As far as we are aware, no sig-
nificant high-velocity absorption is observed at other wavelengths
(e.g. UV and near-IR) in this phase range either (Groh et al. 2010).
The large OPD/LNA, HST /STIS, and VLT/CRIRES observational
datasets in Groh et al. (2010) confine the high-velocity absorption
(more negative than −900 km s−1) at other wavelengths to roughly
the phase range 0.976 . φ . 1.023, which is at least two weeks
after the absorption feature we observe. Together, these support the
idea that feature #4 is stochastic in origin and not a periodic feature
repeatable from event to event. Instead, given the very unstable and
turbulent nature of the WWC region, we speculate that feature #4
may be due to a ‘blob’ of dense, post-shock primary wind from
the WWC zone that separated from the WWC zone and was there-
after accelerated by the faster impinging wind of the secondary.
Such an accelerated blob crossing our line-of-sight at the appro-
priate time could potentially explain this faint, high-velocity blue-
shifted absorption feature. Observations of the optical He I lines
across η Car’s next periastron passage in 2020 can be used to test
this hypothesis, and we predict that if we are correct, feature #4
will not occur during the next event. However, we note that if such
a feature is indeed due to a blob of post-shock material breaking
free from the WWC zone and crossing our line-of-sight after be-
ing accelerated by the secondary’s faster impinging wind, a feature
like #4 could occur and be observed at any time. Detection of such
features at non-periodic intervals would also support our hypoth-
esis and provide more evidence for a binary orientation in which
the WWC zone opens toward the observer for most of the 5.54-yr
orbit, with the secondary star on the observer’s side of the system
at apastron.
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Figure 8. Slices showing log density, radial velocity, and log temperature (rows, top to bottom) in two perpendicular planes containing the observer’s line-of-
sight at φ = 0.9140 from a 3D SPH simulation of η Car’s binary colliding winds. Fig. 7 illustrates the orientation of these planes [(a), left column; (b), right
column] relative to the coordinate system that defines the binary orbit and the direction to the observer. Each plane passes through the centre of the primary
star, and the orbit is assumed to have an inclination i = 138◦ and argument of periapsis ωp = 252◦. The projected x, y, and z axes are shown at the top of each
column. Panels show a zoomed region spanning ±10 AU about centre of the primary star in the vertical direction and −10 AU to +50 AU in the horizontal
direction. The length scale is indicated in each panel. In all panels the observer views the system from the right, indicated by the black arrows. The line-of-sight
to the primary star is marked by two parallel white dashed lines, separated by the approximate diameter of the primary continuum-emitting region (4 AU).
The continuum emitting region of the primary is indicated by a black dashed circle 4 AU in diameter for the He I wavelengths of interest. Three temperature
contours at levels of 1.5 × 104, 106 , and 5 × 107 K are overlaid on each panel to help in identifying the regions of cooler material likely responsible for the
He I absorption. In the first column, the stars orbit counterclockwise.
5.2.4 Absorptions at φ = 0.9800 and Feature #3
Given its centre velocity of ∼ −450 km s−1 and its possible relation
to feature #2, it is difficult to determine exactly where absorption
feature #3 in Fig. 6 originates. As discussed in Section 5.2.2, the
post-shock primary wind in the WWC zone is composed of mate-
rial at a range of velocities, some of which are nearly identical to the
pre-shock primary wind velocity (Fig. 12). The increased pre-shock
wind velocity due to the increased orbital speeds of the stars at φ =
0.9800 is also very close to the observed centre velocity of feature
#3. Therefore, feature #3 could arise in the pre-shock primary wind,
the post-shock primary wind, or, most likely, a combination of both
pre- and post-shock primary wind in the line-of-sight. Again, the
slope of this feature, if connected to feature #2, is likely indicative
of the increasing orbital speeds as the stars rapidly enter periastron
in their highly elliptical orbits.
Based on Fig. 12, one would also expect absorption to be ob-
served at slower velocities (∼ −300 to −350 km s−1) arising from
dense slower moving material in the post-shock primary wind re-
gion. This slower absorption is not visible in Fig. 6, but the line
profiles of He I λ4713 in Fig. B1 do show that the absorption ex-
tends to such velocities at phases around 12.98.
5.2.5 Absorptions at φ = 0.9950 and periastron
At φ ≈ 0.995 the situation starts to change drastically. Fig. 13
shows that as the system gets very close to periastron, the WWC
region becomes highly distorted in the direction of orbital motion
and the secondary star begins to become deeply embedded within
MNRAS 000, 1–28 (2015)
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Figure 9. Same as Fig. 8, but at φ = 0.9386.
the dense wind of the primary. As discussed in Madura et al. (2013,
2015), around this phase and leading into periastron, the reced-
ing secondary wind is unable to collide with the receding primary
wind, leading to the lack of an extended hot (> 106 K) trailing
arm to the WWC zone. The models indicate that the post-shock
secondary wind located near the apex of the WWC zone also has
switched to the radiative regime at this time and is now much cooler
(T . 104 K). The result is zero hot gas in the line-of-sight to the
primary at φ = 0.995 and periastron (Figs. 13 and 14). However,
the dense, cool remnants of the WWC trailing arm and the receding
unshocked secondary wind are in the line-of-sight.
The middle rows of Figs. 13 and 14 show that the remnants
of the WWC trailing arm and the receding secondary wind have
radial velocities in the line-of-sight ranging from ∼ −350 km s−1
to <−800 km s−1. The denser pre- and post-shock primary wind
in the line-of-sight explains why the strongest absorption observed
at these phases is centred at velocities around −400 km s−1 to
−500 km s−1 (Fig. 1). Note also that due to the extreme curvature
of the WWC region at this phase, the observer’s line-of-sight sam-
ples a thicker column of compressed post-shock material, which
also helps explain the increased strength of the absorption at such
velocities at this phase.
Absorption by the lower-density column of fast secondary
wind in the line-of-sight explains the fainter, but much higher ve-
locity (∼ −800 km s−1 to −900 km s−1) absorption observed be-
tween φ = 0.995 and periastron (Fig. 1 and Appendix B). More-
over, because this process is governed by the dynamics of the or-
bit (e.g. the high eccentricity) and our viewing angle, this process
should be repeatable from cycle to cycle (assuming that the stel-
lar mass loss rates, wind velocities, and ionizing fluxes have not
changed drastically from cycle to cycle), explaining why such high-
velocity absorbing material has been consistently observed near
φ ≈ 0.995 for several periastron events (those of 1992.5, 2009.1,
and 2014.6, see e.g. Fig. 3). We suggest that this faint, repeatable
high-velocity absorption is a direct signature of the high-velocity
wind from the companion star located near the trailing arm of the
WWC region, which crosses our line-of-sight just prior to perias-
tron. We furthermore suggest that since this high-velocity He I ab-
sorption feature has been so repeatable over the last several perias-
tron events, there have been no significant changes in η Car’s stellar
mass loss rates, wind velocities, or ionizing fluxes over approxi-
mately the last twenty years, in agreement with the conclusions of
Madura et al. (2013).
MNRAS 000, 1–28 (2015)
14 N. D. Richardson et al.
Figure 10. Same as Fig. 8, but at φ = 0.9569.
5.2.6 Absorptions after periastron
Following periastron, until φ & 1.02, the secondary remains deeply
embedded within the dense wind of the primary on the far side of
the system opposite the observer. At these times, only unshocked
primary wind flows toward the observer (see figs. in Madura et
al. 2013). Moreover, because He in the outer portions of the pri-
mary wind is neutral (Hillier et al. 2001, 2006; Groh et al. 2012a),
He I absorption can only arise in the innermost primary wind where
He is singly ionized. The photoionizing flux from the secondary is
trapped within the dense wind of the primary on the far side of
the system (Clementel et al. 2015b). Therefore, between periastron
and φ ≈ 1.02, there should be little or no He I absorption, and any
weak absorption present should be at velocities comparable to the
primary’s wind terminal velocity. After φ ≈ 1.02, the WWC region
has reestablished itself and returned to the observer’s side of the
system. Across the broad part of the orbit until near the next peri-
astron, the He I absorption should again arise in ionized regions of
the pre-shock primary wind located just beyond the WWC zone, at
velocities of ∼ −420 km s−1 (Clementel et al. 2015a), and portions
of the dense post-shock primary wind in the WWC region at veloc-
ities near −350 km s−1. This is exactly what is observed in Fig. 1
and during the 2009.0 event (Richardson et al. 2015).
6 CONCLUSIONS AND FUTURE WORK
We monitored η Car with the CTIO 1.5 m and the CHIRON
spectrograph through the 2014.6 spectroscopic event. Prior to the
2014.6 event, no time-series of this intensity or spectral resolution
has been obtained on η Car through a periastron passage. Here we
presented an analysis of the He I P Cygni absorption profiles. We
concentrated on the He I λ4713, 5876, 7065 transitions due to line
blending and the spectroscopic coverage. In summary, we find:
• The absorption troughs vary in depth from roughly absent to
nearly 40% of the continuum. Further, during the times prior to the
event, there was a secondary absorption feature that appeared in all
absorption profiles and accelerated to higher velocities in our line-
of-sight. Through a comparison to simultaneous HST/STIS spec-
troscopy, we know this feature must originate in the central stellar
winds or wind-wind collision zone.
• Comparing the absorption profiles of He I λ5876 across the
last five periastron passages, the absorption strength seems rel-
atively repeatable from cycle-to-cycle. However, there are small
deviations, including the secondary absorption component we ob-
served between φ ≈ 0.95 and 0.97.
• Between φ = 0.99 and 1.00, the He I λ5876 absorption pro-
file has been indistinguishable across the last several events. The
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Figure 11. Same as Fig. 8, but at φ = 0.9665.
equivalent width and feature kinematics are well-reproduced be-
tween the well-observed 2009.0 event (Richardson et al. 2015) and
the 2014.6 event.
• We qualitatively compared the observations to 3D SPH simu-
lations of the system (e.g., Madura et al. 2013, 2015) and find that
the secondary absorption variability can be well explained if we
look across the edge of the shock cone near periastron. This geom-
etry is dependent on the inclination of the system and the ratio of
the mass-loss rates between η CarA and η CarB, and there is a de-
generacy between these parameters. As the secondary absorption
feature was not observed in previous cycles, this may show a small
change in the mass-loss rate of one or both of the stars, as specu-
lated by Mehner et al. (2010b) and Martin et al. (2010). However, it
is perhaps more likely that the mass-loss rate(s) have not changed
significantly and we just happened this cycle to observe a small
blob of dense material break free from the WWC region and cross
our line-of-sight as it was accelerated by the much faster impinging
wind from the secondary star. This is supported by the remarkable
repeatability of the high-velocity (∼−800 km s−1) absorption fea-
ture observed near φ = 0.995.
• We speculate that the high-velocity He I absorption observed
regularly near φ = 0.995 is a direct signature of the high-velocity
wind from the companion star located near the trailing arm of the
WWC region, which crosses our line-of-sight just prior to perias-
tron.
• As no time-series of this temporal resolution was ever ob-
tained during past events, we encourage observers to obtain fre-
quent observations from 2019–2021 in order to best observe the
2020 periastron passage and search for a repeatability in the vari-
ability we found in these absorption profiles.
In the future, more detailed 3D hydrodynamical and radiative
transfer simulations similar to those in Clementel et al. (2015a,b)
will be extremely useful in determining the helium ionization bal-
ance at the times of the observed excess He I P Cygni absorption
variability. Such simulations will help us better physically constrain
the formation regions of the absorption and aid our understanding
of colliding winds in this nearest very massive binary system. Ra-
diative transfer of these simulations will allow for a direct com-
parison between the observational record and the theoretical pre-
dictions. Future studies will need similar observations for the time
period around periastron to determine the repeatability and differ-
ences in the periastron passages of the system. With efforts that
combine radiative transfer and multiple observable diagnostics in-
cluding the He I profiles and the He II λ4686 emission, we should
be able to determine empirically how the wind momentum ratio
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Figure 12. Same as Fig. 8, but at φ = 0.9800.
varies with subtle changes in the system with time. Such observa-
tions and modeling will help reveal the masses and fundamental
parameters of this most unique massive binary in the Galaxy.
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Table A1. He I λ5876 Measurements
HJD - 2,450,000 Wλ Abs. Depth Abs. Depth Vmin Vmin
(observed) (gaussian) (observed) (gaussian)
(d) (Å) (norm.) (norm.) (km s−1) (km s−1)
5125.8682 -13.16 0.251 . . . -427.8 . . .
5139.8436 -12.90 0.232 . . . -431.4 . . .
5140.8246 -12.65 0.248 . . . -431.4 . . .
5164.8118 -11.36 0.314 . . . -434.9 . . .
5213.7590 -10.13 0.311 . . . -434.9 . . .
5226.7402 -11.96 0.309 . . . -427.8 . . .
5230.6255 -12.03 0.325 . . . -459.7 . . .
5240.6474 -11.57 0.317 . . . -420.7 . . .
5250.6127 -12.05 0.315 . . . -417.1 . . .
5254.5753 -13.12 0.291 . . . -427.8 . . .
5259.6044 -12.40 0.300 . . . -431.4 . . .
5270.5564 -11.87 0.328 . . . -438.5 . . .
5278.4984 -13.11 0.324 . . . -431.4 . . .
5284.5346 -11.74 0.361 . . . -434.9 . . .
5293.5099 -11.83 0.377 . . . -431.4 . . .
5306.5008 -12.80 0.348 . . . -431.4 . . .
5311.5186 -12.02 0.334 . . . -417.1 . . .
5314.5970 -11.90 0.354 . . . -424.2 . . .
5317.4860 -2.298 0.350 . . . -417.1 . . .
5327.4623 -11.82 0.333 . . . -417.1 . . .
5335.4752 -12.44 0.341 . . . -413.7 . . .
5360.3720 -11.31 0.367 . . . -434.9 . . .
5989.6915 -12.61 0.246 . . . -423.2 . . .
5993.7546 -13.07 0.245 0.257 -424.7 -420.8
6001.7288 -13.36 0.224 0.221 -418.8 . . .
6013.6892 -14.33 0.199 0.150 -409.7 -408.8
6221.8876 -13.75 0.340 0.317 -432.2 -431.9
6236.8436 -12.94 0.351 . . . -429.1 . . .
6238.8674 -13.08 0.350 0.341 -436.7 -435.4
6248.8123 -13.39 0.340 0.338 -430.6 . . .
6254.8795 -13.27 0.313 . . . -438.2 . . .
6260.7808 -14.44 0.302 . . . -432.2 . . .
6275.8175 -11.71 0.378 0.352 -439.6 -439.4
6289.7971 -12.84 0.373 . . . -438.2 . . .
6361.6472 -13.44 0.414 0.397 -448.7 -448.3
6401.5905 -14.36 0.393 0.386 -433.7 . . .
6417.5924 -15.14 0.371 0.343 -433.7 . . .
6428.6435 -14.37 0.292 . . . -439.6 . . .
6607.8431 -14.64 0.362 0.314 -511.4 -519.0
6612.8653 -15.45 0.369 0.390 -511.4 . . .
6656.7032 -16.64 0.239 0.219 -526.4 -526.9
6659.7093 -17.02 0.199 0.193 -536.9 -526.9
6664.6745 -16.28 0.191 0.162 -526.4 -526.5
6670.7826 -15.86 0.147 0.171 -532.5 . . .
6672.8378 -15.89 0.145 0.128 -510.0 -510.2
6677.7595 -15.46 0.155 0.139 -508.5 -494.0
6687.7085 -16.75 0.148 0.101 -454.6 -454.5
6690.6917 -16.40 0.149 0.103 -448.7 -448.9
6697.7271 -17.40 0.157 0.145 -496.5 -496.5
6698.7748 -16.32 0.139 0.131 -496.5 -496.0
6710.6697 -17.36 0.171 0.162 -524.9 -525.2
6712.6945 -16.69 0.176 0.138 -512.9 -512.5
6718.7120 -17.06 0.195 0.211 -510.0 . . .
6724.5925 -16.86 0.149 0.145 -472.7 -473.2
6725.5713 -17.27 0.149 0.153 -465.1 -482.4
6729.5623 -16.76 0.149 0.156 -454.6 -465.4
6732.6062 -16.81 0.155 0.125 -456.1 -455.5
6739.5490 -17.31 0.138 0.104 -450.1 -450.3
6746.5203 -18.55 0.108 0.084 -448.7 -449.3
6750.5418 -17.46 0.154 0.133 -478.6 -477.9
6750.5454 -17.58 0.125 0.107 -477.1 . . .
6754.5540 -17.90 0.183 0.182 -484.5 . . .
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Table A1 – continued He I λ5876 Measurements
HJD - 2,450,000 Wλ Abs. Depth Abs. Depth Vmin Vmin
(observed) (gaussian) (observed) (gaussian)
(d) (Å) (norm.) (norm.) (km s−1) (km s−1)
6765.5903 -17.27 0.324 0.331 -523.4 -527.3
6766.5463 -17.10 0.324 0.314 -524.9 -525.9
6767.5116 -17.37 0.337 0.335 -514.4 . . .
6774.5470 -17.54 0.333 0.329 -523.4 . . .
6775.4705 -16.89 0.333 0.299 -529.5 -531.0
6777.5390 -16.72 0.341 0.336 -532.5 -533.2
6781.4742 -16.23 0.371 0.345 -536.9 -536.4
6786.5036 -16.35 0.345 0.348 -538.4 -546.3
6787.5061 -16.02 0.339 0.337 -545.9 . . .
6791.5527 -15.91 0.307 0.295 -544.5 -526.1
6795.4970 -15.16 0.280 0.281 -554.8 -565.4
6795.5095 -15.29 0.283 0.275 -554.8 -554.6
6800.4644 -15.12 0.273 . . . -559.4 -562.0
6801.5000 -15.09 0.276 0.255 -565.3 . . .
6802.5067 -14.79 0.282 . . . -560.9 . . .
6803.5294 -14.55 0.299 0.263 -560.9 -560.8
6806.5318 -14.19 0.290 0.315 -574.4 -557.5
6807.6147 -14.21 0.286 0.252 -562.4 -561.7
6809.4604 -13.90 0.272 0.269 -553.3 . . .
6810.4839 -14.10 0.274 0.243 -565.3 -565.0
6811.4890 -13.98 0.255 0.247 -559.4 -559.7
6818.5059 -15.59 0.198 0.153 -535.4 . . .
6818.5097 -15.54 0.198 . . . -559.4 . . .
6819.5294 -15.03 0.210 0.179 -554.8 -552.6
6823.5395 -15.19 0.188 0.169 -554.8 -546.7
6824.5183 -14.62 0.198 0.190 -557.9 -557.0
6825.5069 -14.41 0.195 . . . -556.4 . . .
6829.4942 -13.29 0.204 0.195 -519.0 -520.0
6832.5015 -13.15 0.232 0.220 -536.9 -536.6
6833.5015 -13.26 0.215 0.206 -553.3 -553.1
6835.5347 -15.46 0.217 0.177 -538.4 -538.0
6836.4977 -13.24 0.224 0.231 -539.8 . . .
6837.4984 -13.41 0.213 0.215 -553.3 -560.8
6838.5142 -13.09 0.222 0.202 -553.3 . . .
6839.5007 -12.98 0.227 0.218 -551.9 -551.5
6840.4992 -12.46 0.231 0.224 -548.9 -549.1
6845.4618 -12.38 0.237 0.242 -563.8 -571.3
6847.4567 -11.92 0.223 0.215 -571.4 -570.2
6850.5099 -11.59 0.221 0.193 -565.3 -566.2
6855.4628 -8.489 0.231 0.230 -586.3 . . .
6859.4699 -6.609 0.265 0.269 -557.9 . . .
6863.4696 -4.399 0.278 0.271 -547.4 -548.1
6864.4670 -3.938 0.274 0.262 -533.9 -534.7
6864.4717 -3.956 0.262 0.263 -550.4 -558.9
6864.4835 -3.903 0.262 0.263 -550.4 -559.5
6866.5170 -2.522 0.259 0.254 -551.9 -552.3
6867.4637 -2.257 0.274 . . . -501.1 . . .
6870.4592 -3.097 0.185 0.178 -501.1 -501.3
6871.4663 -3.580 0.156 0.143 -512.9 -512.6
6872.4634 -3.336 0.162 . . . -496.5 . . .
6873.4627 -3.797 0.135 0.124 -514.4 . . .
6874.4542 -3.970 0.122 . . . -489.1 -485.9
6876.4581 -4.250 0.119 . . . -510.0 . . .
6878.4816 -4.230 0.092 0.050 -445.7 . . .
6879.4665 -3.837 0.091 0.086 -426.1 . . .
6880.4665 -3.745 0.094 0.076 -442.6 -441.9
6881.4646 -3.659 0.082 0.072 -436.7 -429.8
6882.4610 -3.692 0.073 0.042 -423.2 -411.8
6883.4684 -3.593 0.055 0.043 -424.7 -423.7
6885.4659 -3.827 0.018 0.015 -408.2 -406.4
6886.4726 -3.923 0.010 0.006 -412.7 -412.1
6887.4599 -4.362 . . . 0.001 -402.2 -407.5
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Table A1 – continued He I λ5876 Measurements
HJD - 2,450,000 Wλ Abs. Depth Abs. Depth Vmin Vmin
(observed) (gaussian) (observed) (gaussian)
(d) (Å) (norm.) (norm.) (km s−1) (km s−1)
6944.8969 -8.481 0.212 . . . -375.4 . . .
6950.8754 -10.96 0.169 0.148 -412.7 -412.4
6951.8733 -10.97 0.174 0.141 -408.2 -409.2
6952.8645 -10.91 0.176 0.155 -408.2 -407.9
6953.8796 -10.73 0.190 0.163 -409.7 -410.5
6954.8312 -10.48 0.199 0.206 -415.6 -421.1
6955.8613 -10.59 0.183 0.168 -411.2 -410.4
6956.8738 -10.48 0.194 0.167 -408.2 -408.5
6957.8902 -10.59 0.188 0.168 -412.7 -413.2
6958.8639 -10.56 0.192 0.184 -409.7 -410.1
6959.8471 -10.78 0.192 0.199 -417.3 -421.7
6961.8481 -10.63 0.191 0.176 -418.8 -419.5
6964.8650 -10.50 0.196 0.181 -423.2 -423.6
6965.8623 -10.46 0.198 0.240 -433.7 -415.6
6968.8670 -10.56 0.192 0.165 -420.2 -420.6
6969.8629 -10.45 0.188 0.192 -426.1 . . .
6972.8807 -10.07 0.182 0.169 -423.2 -428.6
6974.8472 -10.32 0.184 0.175 -432.2 -432.7
6977.8456 -10.32 0.171 0.161 -433.7 -433.6
6979.8393 -10.67 0.171 0.165 -438.2 -436.1
6980.8055 -10.65 0.175 0.145 -427.6 . . .
6982.8125 -10.85 0.170 0.167 -427.6 . . .
6984.8198 -10.93 0.168 0.163 -444.1 -434.4
6985.8277 -10.82 0.170 0.170 -442.6 . . .
6986.8716 -10.75 0.182 0.162 -441.1 -440.8
6988.7943 -10.77 0.170 0.164 -442.6 -439.6
6990.7638 -10.60 0.172 0.167 -438.2 -450.6
6992.7814 -10.78 0.166 0.171 -450.1 -444.8
6994.8169 -10.70 0.167 0.148 -444.1 -443.4
6996.8516 -10.77 0.149 0.122 -441.1 -441.4
6998.8053 -10.96 0.144 0.119 -439.6 -439.2
7000.8371 -10.85 0.133 0.134 -424.7 . . .
7007.8533 -10.84 0.129 0.121 -420.2 . . .
7008.7387 -10.79 0.131 0.129 -417.3 . . .
7009.7487 -10.80 0.129 0.120 -424.7 -427.5
7012.8169 -10.82 0.139 0.118 -423.2 -423.1
7013.8113 -10.90 0.134 0.104 -420.2 -420.1
7014.7384 -10.87 0.135 0.113 -421.7 -420.4
7015.7661 -10.72 0.133 . . . -417.3 . . .
7016.7963 -10.83 0.141 0.106 -415.6 -416.7
7018.7787 -10.77 0.145 0.105 -417.3 -417.6
7021.8358 -10.89 0.122 0.079 -418.8 -418.8
7022.7519 -10.91 0.120 0.128 -418.8 -424.5
7025.8280 -10.94 0.112 0.088 -418.8 -418.6
7026.7004 -10.96 0.112 0.072 -417.3 -416.5
7030.6911 -11.19 0.095 0.092 -414.2 -427.0
7032.8183 -11.44 0.080 0.062 -415.6 -415.5
7035.7243 -11.54 0.090 0.097 -415.6 -406.9
7037.8164 -11.43 0.089 0.084 -417.3 . . .
7038.7462 -10.88 0.119 0.084 -414.2 -414.5
7038.8521 -11.32 0.085 0.096 -411.2 -406.9
7039.8336 -11.22 0.091 . . . -417.3 . . .
7040.7121 -11.20 0.091 0.060 -417.3 -416.8
7043.8463 -11.07 0.102 0.070 -418.8 -417.9
7046.6847 -10.89 0.105 0.070 -415.6 -415.6
7047.6855 -10.65 0.107 0.087 -415.6 -416.3
7048.8103 -10.64 0.108 0.076 -417.3 -417.2
7050.7318 -10.78 0.102 0.089 -417.3 -418.2
7051.8465 -10.83 0.111 0.073 -414.2 -416.5
7059.7902 -10.07 0.142 0.141 -421.7 . . .
7060.6626 -9.849 0.146 0.131 -421.7 -422.0
7061.8510 -9.693 0.159 . . . -418.8 -438.4
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Table A1 – continued He I λ5876 Measurements
HJD - 2,450,000 Wλ Abs. Depth Abs. Depth Vmin Vmin
(observed) (gaussian) (observed) (gaussian)
(d) (Å) (norm.) (norm.) (km s−1) (km s−1)
7062.6967 -9.603 0.160 0.151 -421.7 . . .
7063.7354 -9.664 0.152 . . . -414.2 . . .
7064.7755 -9.475 0.173 0.142 -418.8 -419.4
7068.7710 -9.706 0.173 0.162 -423.2 . . .
7070.6468 -9.835 0.168 0.172 -421.7 . . .
7074.8003 -10.31 0.176 0.177 -417.3 -432.7
7075.6999 -10.10 0.183 0.169 -429.1 -429.3
7078.8993 -10.24 0.190 0.180 -436.7 -436.4
7083.6618 -9.218 0.235 0.213 -427.6 -427.4
7088.6417 -9.299 0.258 . . . -424.7 . . .
7091.5928 -9.330 0.261 0.254 -426.1 . . .
7092.7233 -9.320 0.265 0.251 -427.6 . . .
7093.7108 -9.369 0.271 0.251 -426.1 -426.0
7095.8005 -9.777 0.266 0.228 -427.6 -427.7
7097.6962 -10.28 0.267 0.231 -427.6 -427.4
7104.5614 -10.13 0.293 0.262 -423.2 -423.9
7115.7489 -10.10 0.296 0.263 -423.2 -423.7
7118.5573 -10.40 0.299 0.270 -423.2 -423.6
7120.5391 -10.27 0.306 0.296 -421.7 . . .
7124.4992 -10.19 0.323 0.307 -424.7 -425.3
7125.5235 -10.43 0.319 0.297 -420.2 -420.8
7127.6192 -9.920 0.332 0.337 -424.7 -416.8
7130.5443 -10.15 0.329 0.332 -424.7 . . .
7132.5158 -9.916 0.334 0.323 -426.1 -426.4
7134.6264 -9.934 0.341 0.327 -423.2 -422.7
7144.6931 -9.405 0.358 . . . -411.2 . . .
7145.6268 -9.668 0.354 0.364 -427.6 -435.5
7147.6292 -9.297 0.314 . . . -436.7 -430.4
7150.6168 -9.722 0.349 0.326 -426.1 . . .
7152.5910 -9.674 0.383 . . . -445.7 -445.8
7155.5746 -10.31 0.344 0.333 -432.2 -432.1
7161.5532 -10.30 0.344 0.329 -439.6 -438.8
7164.5506 -10.24 0.356 0.363 -436.7 -441.9
7166.5332 -10.55 0.352 0.346 -441.1 . . .
7172.5215 -10.27 0.343 0.342 -445.7 . . .
7174.5941 -10.30 0.322 0.324 -438.2 . . .
7177.4899 -10.40 0.334 0.340 -441.1 -451.1
7181.4486 -10.66 0.312 0.309 -450.1 . . .
7185.5031 -11.27 0.305 . . . -453.1 . . .
7189.5032 -11.60 0.300 . . . -454.6 . . .
7191.4615 -11.55 0.295 0.276 -453.1 . . .
7194.5003 -11.33 0.298 . . . -451.6 . . .
7212.4449 -9.997 0.348 0.339 -445.7 . . .
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Figure B1. All observed (absorption) line profiles of the He I 4713 (blue), He I 5876 (black) and He I 7065 (red) transitions from just before the onset of the
high-velocity variability to just following the large variations. All profiles are set to a heliocentric frame and large emission portions are cut off for clarity of
the absorption variations. The dates (HJD−2,450,000) are indicated on the left, while the phases computed using the ephemeris from Teodoro et al. (2015, in
prep.) are shown above each set of observations. In each frame, the different dates are offset for clarity.
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Figure B1 – continued
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Figure B1 – continued
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Figure B1 – continued
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